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Using (1.0087 # 0.0044) x 10'° J/y events collected by the BESIII detector at the BEPCII collider, we
report the first search for the baryon and lepton number violating decays Z° — K~e* with A(B—L) =0
and 2 — K*e~ with |A(B — L)| = 2, where B (L) is the baryon (lepton) number. While no signal is
observed, the upper limits on the branching fractions of these two decays are set to B(E? — K~e*) <

3.6 x 107 and B(E" — K*e~

) < 1.9 x 1075 at the 90% confidence level, respectively. These results offer

a direct probe of baryon number violating interactions involving a strange quark.

DOI: 10.1103/PhysRevD.108.012006

I. INTRODUCTION

The matter-antimatter asymmetry observed in the
Universe is one of the major frontier issues to be solved
in particle physics, nuclear physics, and astrophysics.
Astronomical observations suggest that the number of
baryons in the Universe far exceeds the number of anti-
baryons [1]. To explain this asymmetry, Sakharov proposed
the conservation of a baryon-muon charge which would
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allow for violation of baryon number conservation in the
early Universe [2].

Many models predict baryon number violating (BNV)
decays within and beyond the Standard Model (SM). One
class of them with leading-order BNV effects [3] uses
dimension-six operators which arise with the conservation
of B— L symmetry when the SM is embedded in grand
unified theories (GUTSs) such as SU(5) [4]. The predicted
BNV decays obey the selection rule A(B — L) = 0, where
A(B — L) denotes the change in the difference between
baryon and lepton numbers. The SU(5) GUT proposes the
existence of two new gauge bosons, the X with electric
charge %e and the Y with electric charge %e, and allows
q — X7 vertices, where ¢ is a quark and Z is a lepton.
Since the minimal SU(5) model is essentially excluded by
the proton decay experiment [5], we require alternative
models that allow for BNV decays but do not conflict with
the present data, as e.g., the “flipped SU(5)” model [6].
Another class of SM extensions with next-to-leading BNV
effects uses dimension-seven operators [7], arising from
the spontaneous breaking of B — L symmetry when the
SM is embedded in GUTSs such as SO(10) [8], which can
be mediated by an elementary scalar field ¢ [7].

Experimentally, potential BNV processes have been
searched for in D decays [9], J/y decays [10], T decays
[11], B decays [12], top-quark decays [13] and A hyperon
decays [14,15]. So far, no signal has been observed, and the
upper limits on their branching fractions were set to be
1073 ~ 1078 at the 90% (95% for top-quark decays) con-
fidence level. BNV decays of the proton as the lightest
baryon have been searched for several decades with null
results, and the strictest constraint on its partial lifetime was
setto 7/B(p — u*z°) > 1.6 x 10’ years at the 90% con-
fidence level [16]. The proton stability has been used to
stringently constrain BNV decays involving higher-
generation quarks (i.e., ¢, b, and ) [17]. However, since
multiple amplitudes can contribute to a given decay, these
can have constructive or destructive interference according
to their relative phases, a fact that the theoretical calculations
that constrain the BNV decays do not consider due to the
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e+

FIG. 1. Feynman diagrams for the BNV decays of
(a) B -» K~e* with A(B— L) = 0 mediated by a gauge boson
X and (b) E° » K*e~ with |A(B—L)| =2 mediated by an
elementary scalar field ¢.

ample parameter space [14]. This possible interference
allows for observations in decay modes involving u or d
quarks, coupled to other quark flavors, even though the BNV
interactions are not occurring in that particular decay mode.
For the BNV decays coupled to the strange quark in the
initial states, the CLAS experiment [14] has searched for A
hyperon decays, imposing an upper limit on the branching
fraction in the range of 107> ~ 1077 at the 90% confidence
level. Other BNV decays involving strange quarks have yet
to be investigated. So far, the decays of Z° hyperons such as
E% » K*eT with a lepton number violation as a conse-
quence of BNV have never been searched for. In order to
directly probe the BNV processes involving strange quarks
in the initial states, these decays were proposed to be studied
with the world’s largest J/y data sample at BESIII [18].

In this paper, we present the first search for the baryon
and lepton number violating decays of Z° — K~e™ with
A(B—L)=0 and 2% - K*e~ with |A(B-L)| =2, as
shown in the Feynman diagrams in Fig. 1, by analyzing
(1.0087 & 0.0044) x 10'0 J/y events [19] collected at a
center-of-mass energy /s = 3.097 GeV with the BESIII
detector. Charge-conjugate channels are always implied
throughout this paper.

II. DETECTOR AND MONTE CARLO
SIMULATION

The BESII detector [20] records symmetric e'e”
collisions provided by the BEPCII storage ring [21] in
the center-of-mass energy range from 2.0 GeV to 4.95 GeV,
with a peak luminosity of 1 x 103 cm™2s~! achieved at
/s = 3.77 GeV. BESIII has collected large data samples in
this energy region [22]. The cylindrical core of the BESIII
detector covers 93% of the full solid angle and consists of a
helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight (TOF) system, and a CsI(TI)
electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T
(0.9 T in 2012) magnetic field [23]. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identification modules interleaved
with steel. The charged-particle momentum resolution at

1 GeV/c is 0.5%, and the specific energy loss (dE/dx)
resolution is 6% for electrons from Bhabha scattering.
The EMC measures photon energies with a resolution of
2.5% (5%) at 1 GeV in the barrel (end cap) region. The
time resolution in the TOF barrel region is 68 ps, while that
in the end-cap region is 110 ps. The end cap of the TOF
system was upgraded in 2015 using the multigap resistive
plate chamber technology, providing a time resolution of
60 ps [24].

Simulated data samples produced with a GEANT4-based
[25] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector and the
detector response, are used to determine detection effi-
ciencies and to estimate backgrounds. The simulation
procedure models the beam energy spread and initial-state
radiation in the eTe~ annihilations with the generator
KKMC [26]. The inclusive MC sample includes both the
production of the J/w resonance and the continuum
processes incorporated in KKMC [26]. All particle decays
are modeled with EvtGen [27] using branching fractions
either taken from the Particle Data Group [28], when
available, or otherwise estimated with LUNDCHARM [29].
Final-state radiation from charged final-state particles is
incorporated using the PHOTOS package [30]. To determine
the detection efficiency, the signal MC samples with
J/w = E920, 20 - A0, and E° — K*eT are produced,
where the J/y and Z° — Az® decays are generated with
the measured parameters in Refs. [28,31], and the signal
decays of E° — K*e¥ are generated with a uniform phase-
space distribution.

III. EVENT SELECTION AND DATA ANALYSIS
A. Analysis method

The Z° — =0 hyperons are produced in pairs from J/y
decays without any additional fragmentation particles.
This property provides an ideal environment for the
double-tag (DT) method, which was first introduced by
the MARK-III collaboration [32]. In this approach, one Z°
hyperon is fully reconstructed via its dominant decay mode
20 —» A(— prt)n%(— yy), and referred to as “tagged Z°.”
Then the signal decays Z° — K*eT are searched for in the
recoiling side of the tagged Z°. The tagged Z° candidates
are referred to as “single-tag” (ST) candidates, while the
events in which the signal decays of interest and the tagged
=0 are simultaneously found are referred to as DT events.

The absolute branching fraction of the signal decay By is
calculated by

obs
NDT

sig = A7obs ’
Ng7 - €pr/é€st

B (1)

where N (N9%) is the ST (DT) yield, and egr (epr) is the
ST (DT) detection efficiency.
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B. ST selection

Charged tracks detected in the MDC are required to be
within a polar angle (6) range of | cos 8| < 0.93, where 6 is
defined with respect to the z axis, which is the symmetry
axis of the MDC. Given that Z° and A hyperons are long-
lived particles, there are no requirements on the initial
positions of charged tracks. Particle identification (PID) for
charged tracks combines measurements of the dE/dx in the
MDC and the flight time in the TOF. The PID confidence
levels are calculated for the proton, pion, and kaon
hypotheses. Tracks are identified as protons (pions, kaons)
when the proton (pion, kaon) hypothesis has the highest
confidence level among these three hypotheses.

The photon candidates are identified using their showers
in the EMC. The deposited energy of each shower must be
more than 25 MeV in the barrel region (| cos 8| < 0.80) and
more than 50 MeV in the end-cap region (0.86 <
|cos | < 0.92). To exclude showers that originate from
charged tracks, the angle subtended by the EMC shower and
the position of the closest charged track at the EMC must be
greater than 10 degrees as measured from the interaction
point. To suppress electronic noise and showers unrelated to
the event, the difference between the EMC time and the
event start time is required to be within [0, 700] ns. The z°
candidates are reconstructed with a pair of photons. Due to
the poor resolution in the end-cap regions of the EMC, the
7Y candidates with two daughter photons both found in the
end caps are rejected. The invariant mass of the two photons
is required to be within (0.115,0.150) GeV/c?. A kin-
ematic fit is performed by constraining the invariant mass of
yy to the known 7° mass [28].

To reconstruct A candidates, a vertex fit [33] is applied to
all pz* combinations, and the one closest to the known A
mass (M ) [28] is retained for further analysis. The invariant
mass of pz* is required to satisfy [Mp, —Mj| <
0.005 GeV/c?. The Z° candidates are reconstructed with
the Az° combinations, and the one closest to the known =°
mass (Mzo) [28] is retained for further analysis. The
invariant mass of Az is required to satisfy | Mz, — M=zo| <
0.02 GeV/c?, which corresponds to about three times the
resolution (+3¢) around Mzo.

The ST yield of Z° hyperons is extracted from a binned
maximum likelihood fit to the distribution of a beam-
constrained mass defined as

Mpyc = \/ Egeam - |ﬁ7\ﬂ° 2’ (2)

where Eje,p, is the beam energy, and pj o is the momentum
of the selected Az° combination in the e* e~ center-of-mass
system. In the fit, the signal shape is modeled by the MC-
simulated shape convolved with a Gaussian function to
describe the resolution difference between data and MC
simulation. By analyzing the inclusive MC sample with a
generic event type analysis tool, TopoAna [34], we find that

126 128
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FIG. 2. Fit to the Mpc distribution of the accepted ST
candidates, where the black points with error bars are data,
and the red dashed and green dash-dotted lines are the signal and
background shapes, respectively. The blue solid line shows the
total fit and the red arrows indicate the ST signal region.

there is no peaking background. Therefore, the background
shape is described with a third-order Chebychev polynomial
function. Figure 2 shows the best-fit result, and candidates
in the ST signal region of 1.292 < Myc < 1.334 GeV/c?,
which corresponds to about 3¢ around Mze, are kept for
further analysis. From the fit, the ST yield is obtained to be
2,538,372 +2593. The ST efficiency is determined to be
(16.26 + 0.02)% by performing the same analysis strategy
as that used in the data analysis to the inclusive MC sample.
The uncertainties of these two numbers are statistical only.

C. DT selection

The signal candidates for 2° — K*e¥ are selected from
the remaining tracks recoiling against the tagged Z°. The
PID confidence levels are calculated with the combined
dE/dx, TOF, and EMC information for the electron or
positron (CL,), kaon (CLg), and pion (CL,) hypotheses.
The track is identified as an electron or positron if it satisfies
CL, > 0.1% and CL,/(CL, 4+ CL, + CLg) > 0.8. The Z°
is reconstructed with the K*e¥ combinations, and the one
with the invariant mass M, closest to the known Z° mass
(Mz0) [28] is retained for further analysis. To further
suppress backgrounds, the opening angle between the Z°
and =° momenta is required to satisfy @zozo > 178.5°,
which is optimized using the Punzi figure of merit with a
formula of /(0.8 + +/B) [35], where € denotes the signal
efficiency, “B” is the number of background events esti-
mated from the inclusive MC sample, and the number “0.8”
is half of the sigma number corresponding to the desired
confidence level (90%).

The DT yield is determined with the distribution of Mg,
versus M ;0 of the accepted candidates in data, as shown in
Fig. 3, where Mg, (M 3,0) is the invariant mass of the K*eT
(An") combination. The signal region is defined as M50 —
Mzo| <0.02 GeV/c? and |Mg, — Mzo| < 0.02 GeV/c?,
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FIG. 3. Distributions of My, versus Mz, of the accepted
candidates for (a) E° - K~e¢t and (b) 2% - Kte™ in data,
respectively. The red box indicates the signal region.

which correspond to about +3¢ around Mzo. One event is
observed in the signal region of Z° — K~e*, while no event
is observed in the signal region of Z° — K*e~. By analyz-
ing the inclusive MC sample, we find that there is no
background event left in these two signal regions.
Considering the very limited statistics, we set the upper
limit on the DT yield as described in Sec. V. The DT
efficiency of Z0 — K~e* obtained from the signal MC
sample is (6.64 4 0.01)%, and the uncertainty here is only
statistical, while the 2° — KT e~ has the same DT efficiency
as 20 — K-et.

TABLE I. Relative systematic uncertainties for the branching
fraction measurement.

Source Uncertainty (%)
Tracking 0.7
PID 1.5
ST fit 2.8
Tag bias 0.2
HE(]EO 0.8
Total 3.4

IV. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties mainly originate from the
tracking efficiency, PID efficiency, ST fit, tag bias, and
O=0z0 requirement, as summarized in Table 1. Most of the
systematic uncertainties on the ST side cancel due to the
DT method described in Sec. IIT A.

The uncertainties due to the tracking efficiencies are
determined to be 0.6% for the kaon by studying the control
sample of J/y — KSK*z¥, and 0.1% for the electron or
positron by studying the radiative Bhabha events e"e™ —
yete™ at \/s = 3.097 GeV. The uncertainties arising from
the PID efficiencies for kaon (0.4%) and electron or positron
(1.1%) are assigned with the same control samples as used
in the studies of tracking efficiencies. The uncertainty due to
the ST fit is determined to be 2.8% by varying the signal
shape (2.6%) to the one without convolving with the
Gaussian function, changing the background shape
(0.7%) from the third-order Chebychev function to the
second-order one, and altering the fit range (0.7%) from
(1.25,1.38) GeV/c? to (1.23,1.40) GeV/c?. The uncer-
tainty due to the tag bias arising from the difference of ST
efficiencies in the inclusive and signal MC samples caused
by different multiplicities is assigned to be 0.2% by
following the method described in Ref. [36]. To obtain
the uncertainty arising from the 6f-oz0 requirement, a
selection efficiency is defined by counting the number of
events with and without the f-oz0 requirement, and the
difference of selection efficiencies between data and MC
simulation, 0.8%, is assigned as the corresponding system-
atic uncertainty. The total systematic uncertainty is esti-
mated to be 3.4% by adding all these uncertainties in
quadrature.

V. RESULT

To avoid possible bias, the analysis procedure has been
verified by a blind analysis before moving to the full data
analysis. Since no obvious signal event is observed in the
signal region, the upper limits on the DT yields of signal
decays are set with a frequentist method of profile like-
lihood as a general treatment of nuisance parameters [37].
In this method, signal events and background events are
assumed to follow the Poisson distribution, the detection
efficiency is assumed to follow a Gaussian distribution, and
the systematic uncertainty is considered as the standard
deviation of the efficiency. This method uses the numbers
of observed events in the signal and background regions,
ratio of the signal-region size to the background-region
size, efficiency, systematic uncertainty and confidence level
as input parameters to calculate the upper limit on the DT
yield. Considering the choice of the background region can
affect the upper limit on the DT yield, we sample the
background region randomly with a Gaussian distribution
in the range of (1.175, 1.455) GeV/c? for My, and M3
that excludes the signal region, and conservatively take the
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one giving the maximum upper limit on the DT yield as
nominal background region. The upper limit on the DT
yield of 2° - K~e™ (B — KTe™) is determined to be 3.7
(2.0) at the 90% confidence level. Based on Eq. (1), the
upper limits on the branching fractions at the 90% con-
fidence level are determined to be

B(E® - K~et) <3.6 x 107°,
B(E® - Kte™) < 1.9 x 107°, (3)

[1]

VI. SUMMARY

In summary, based on (1.0087 + 0.0044) x 10'° J/y
events collected at /s =3.097 GeV with the BESIII
detector, we present the first search for the baryon and
lepton number violating decays of E° — K~e™ with
A(B-L)=0and Z° - Ke~ with |[A(B-L)| =2. No
obvious signal is observed, and the upper limits on the
branching fractions of these two decays are set to be
B(E" - K=et) <3.6x10° and B(E’- Kte™) <
1.9x 107® at the 90% confidence level. These results
are among the best constraints on the BNV interactions
from hyperon decays. They offer a direct probe of the BNV
processes involving strange quarks in the initial states.
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